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A Number of Unexplained or Ambiguous 

Observations Persist: 
 

 

 

 

 

 Excess 511 keV emission from Galactic Bulge (INTEGRAL) 

 Excess high-energy cosmic ray positrons (PAMELA, AMS) 

 Excess isotropic radio emission (ARCADE, etc.) 

 130 GeV line from the Galactic Center (Fermi) 

 3.5 keV line from Galaxy Clusters (XMM-Newton, Chandra) 

 Excess GeV emission from the Galactic Center (Fermi) 
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Any of these signals could plausibly be the result 

of annihilating/decaying dark matter particles    

(although most probably are not) 



 

 

 

 

 

 

 

 

 

The Cosmic Ray Positron Excess 

 (Torsten Bringmann) ‒Indirect Searches for Particle Dark Matter 25

Positrons
10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to

250 GeV. Thisisnot consistent withonly thesecondary
productionof positrons[17].Thebehavior above250GeV
will becomemore transparent with morestatistics which
will alsoallow improvedtreatment of thesystematics.

TableI (seealso [13]) alsopresentsthecontributionof
individual sourcestothesystematicerror for different bins
whichareaddedinquadraturetoarriveat thetotal system-
atic uncertainty. Asseen, thetotal systematic error at the
highest energies is dominated by the uncertainty in the
magnitudeof thechargeconfusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Resultsof theseanalysesareconsistent withthose
presented inFig. 5and inTableI (seealso [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
resultsarepresented in Fig. 5 for comparison. Theaccu-
racy of AMS-02 and high statistics available enable the
reportedAMS-02positron fractionspectrumtobeclearly
distinct fromearlier work. TheAMS-02spectrumhasthe
unique resolution, statistics, and energy range to provide
accurateinformation onnewphenomena.

Theaccuracyof thedata(TableI and[13]) enablesusto
investigate the properties of the positron fraction with
different models. Wepresent heretheresultsof comparing
our data with a minimal model, as an example. In this
model theeþ ande fluxes, eþ and e , respectively,are
parametrized as thesum of individual diffuse power law
spectra and the contribution of a single common source
of e :

eþ ¼Ceþ E eþ þ CsE se E=Es; (1)

e ¼Ce E e þ CsE se E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce

correspond to relativeweightsof diffusespectrafor posi-
tronsand electrons, respectively, and Cs to theweight of
thesourcespectrum; eþ , e , and s arethecorrespond-
ingspectral indices; andEs isacharacteristiccutoff energy
for the source spectrum. With this parametrization the
positron fraction dependson fiveparameters. A fit to the
datain theenergy range1–350GeV basedonthenumber
of events ineach binyieldsa 2=d:f : ¼28:5=57and the
following: e eþ ¼ 0:63 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;

e s ¼0:66 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ =Ce ¼
0:091 0:001, i.e., theweight of thediffusepositronflux
amounts to 10% of that of the diffuse electron flux;
Cs=Ce ¼0:0078 0:0012, i.e., the weight of the com-
mon source constitutes only 1% of that of the diffuse
electronflux; and1=Es ¼0:0013 0:0007 GeV 1, corre-
sponding to a cutoff energy of 760þ 1000

280 GeV. The fit is

shown in Fig. 6 asasolid curve. Theagreement between
the data and the model shows that the positron fraction
spectrumisconsistent withe fluxeseachof which isthe
sum of itsdiffuse spectrum and asingle common power
lawsource.Nofinestructuresareobservedinthedata.The
excellent agreement of thismodel with thedata indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
rangesfrom0.8–350GeVto6.0–350GeVdoesnot change
theresultsnor thefit quality. Furthermore, fitting thedata
with the same model extended to include different solar
modulationeffectsonpositronsandelectronsyieldssimi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of themeasurement in theenergy
range83.2–100GeVover widevariationsof thecutsfittedwitha
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with thenumber of selected positrons.
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FIG. 5 (color). Thepositron fraction compared with themost
recent measurements fromPAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMSare the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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Excess in cosmic ray positron data has triggered 
some excitement:

Are we seeing a DM signal ???
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Expected Secondary 

Background 

Rise above ~10 

GeV indicates the 

presence of a 

primary source 

of highly 

energetic cosmic 

ray positrons 
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 These measurements strongly favor the existence of a nearby (~kpc) 

source(s) of very high energy (~0.1-1 TeV) cosmic ray positrons 

 Dark matter particles could be responsible, but require: 

 1) Annihilations must produce mostly muons, electrons 

 2) Very high annihilation rates (Sommerfeld? Non-thermal?) 

 3) Cored profile for the Milky Way (to evade gamma-ray constraints) 
  

 Nearby pulsars could also do the job        

 (from the perspective of Occam’s        

 Razor, this is where my money is) 
 

 Future measurements from AMS         

 may help to clarify this situation 

   
 

The Cosmic Ray Positron Excess 

Dot Dashed: MΧ 2.5 TeV, ΧΧ ΦΦ 2Μ 2Μ

Dashed: MΧ 3.0 TeV, ΧΧ ΦΦ 2Π 2Π

Solid: MΧ 1.6 TeV, ΧΧ ΦΦ 2e , 2Μ , 2Π at 1:1:2
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Cholis and Hooper, PRD, arXiv:1304.1840 
Dan Hooper – Indirect Dark Matter Searches: Excesses and Anomalies 



 

 

 

 

 

 

 

 

 

The 130 GeV Line 

Figure 3. TS value as funct ion of the line energy Eγ , obtained by analysing the energy spectra from

the different target regions in Fig. 1. Left and right panels show the results for the SOURCE and

ULTRACLEAN event classes, respect ively. The inset shows a zoom into the relevant region. The

horizontal gray dotted lines show respect ively from bot tom to top the 1σ to 3σ levels after correct ing

for t rials (without t rial correct ion the significance is given by
√

TSσ). In the right panel, the gray

crossesshow the TSvalues that weobtain when instead adopt ing the target region and energy windows

from Refs. [45, 46] with 43 months of data.

at Eγ ≈ 130 GeV. The largest TS value is obtained in case of the SOURCE events in Reg4

and reads TS = 21.4 (corresponding to 4.6σ before trial correct ion). Taking into account

the look-elsewhere effect as discussed above, the trial corrected stat ist ical significance for the

presence of a line signal in the LAT data is 3.2σ.

The fits that yield the highest significance for a line contribut ion are shown in Fig. 4

for the regions Reg2, Reg3 and Reg4, and for SOURCE and ULTRACLEAN events. In

the upper sub-panels, we plot the LAT data with stat ist ical error bars, as well as the total

predicted counts from the best-fit models with (red bars) and without a gamma-ray line

contribut ion (green bars). The blue dot ted line shows the line flux component alone (before

averaging over the energy bins). Note that , in order to improve the readability of the plots

and to calculate the indicated p-values and the reduced χ2
red, we rebinned the data to five

t imes fewer bins than actually used in the spectral fits.8 The lower sub-panel shows the count

residuals after subtract ing the model with line. In most of the regions, the spectral signature

that is responsible for the large TS values can be easily recognized by eye. The number of

signal events ranges between 46 and 88, the stat ist ical significance between 2.8σ and 4.6σ;

the p-values and residual plots confirm that the fits to the data are reasonable and do not

exhibit systemat ic discrepancies at low or high energies.

If we interpret the observed signature as being due to DM annihilat ion into a photon

pair via χχ → γγ, we can constrain the DM mass mχ (which then just equals the line energy,

mχ = Eγ ) and the part ial annihilat ion cross-sect ion σv χχ→γγ . Thecorresponding values for

processes like χχ → γZ, γh follow from a straight forward rescaling [44]. The inset of Fig. 3

shows a zoom into the most interest ing region of the TS plot .9 From there, one can read off

the DM mass that best fits the data together with its error bars. From the region with the

largest TS value, Reg4 SOURCE class, we obtain mχ = 129.8 ± 2.4+ 7
− 13 GeV. The indicated

8 In Fig. 4, we omit ted incomplete bins at the right end of the energy window. When calculat ing χ 2
r ed , we

use the c-stat ist ic i 2(µ i − ci ) + 2ci log(ci / µ i ).
9To generate the inset , we did not use sliding energy windows but kept the posit ion of the energy window

fixed at the posit ion that corresponds to the Eγ with the largest TS.
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 In 2012, Christoph Weniger and collaborators identified a fairly 

significant (~4σ) line-like feature in the publically available Fermi data, 

spatially consistent with dark matter annihilating in the Milky Way’s halo 

 Requires the dark matter to annihilate        

 with a large cross section to γγ, γZ,         

 and/or γh final states, and without            large 

cross sections to quarks, gauge        bosons, etc. 
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The 130 GeV Line 

 (Torsten Bringmann) ‒Indirect Searches for Particle Dark Matter

Line searches

19

No signals, but ever better limits!
Fermi:  5-300 GeV !

even lower energies (Fermi data): 0.1-10 GeV!

HESS GC analysis: 0.5-25 TeV

Huge potential to improve limits:!
CTA, Gamma-400, CALET, DAMPE, …

Albert et al,, 1406.3430

Ackermann et al,, 1305.5597

Ackermann et al,, 1305.5597

Line-feature around 130 GeV:Time-evolution of significance

Dashed/dotted lines:
68% and 95% CL 
containment regions for 
true signal (green) and 
statistical fluke (red).

Bringmann+ 2012; CW 
2012; Su & Finkbeiner 
2012; Tempel+ 2012

Aug 2013

Our analysis (P7V6), until July 2013

65-260 GeV energy range; 

129.8 GeV line energy; 

1D PDF

Bands: Analytical projection for ±1σ and ±2σ bands, assuming Gaussian noise 

with S/ B~0.35 (details in CW 2013, 1303.1798); projections do not take into 

account expected improvements with PASS8

Trial-free measurementDefinition of signal 

hypothesis

signal identification
Bringmann et al., 1203.1312!
Weniger, 1204.2797 

Consequences for the 130 GeV feature

P-value (assuming P7rep best-fit; 21.5±11.2 expected, -9.0 observed):

Using Fermi LAT data alone, the signal hypothesis can be excluded at more than 3 sigma.
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Tempel, Hektor & Raidal, 1205.1045!
Su & Finkbeiner, 1206.1616 

expectation 

for statistical 

fluctuation

expectation 

for signal

Signal interpretation 

now excluded at >3σ

 

 Since the line’s identification, its statistical significance has decreased 

 Perhaps this was nothing more than a statistical fluke?   
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The X-Ray Line 

 

 

 

 

 

 Earlier this year, two groups reported the observation of an unexpected 

X-ray line at ~3.56 keV 

 Bulbul et al. reported the detection of this line from a stacked sample of 

73 galaxy clusters with XMM-Newton (~4-5σ) and from the Perseus 

Cluster with Chandra 

 Shortly thereafter, Boyarsky et al.              

reported the detection of a similar         

  line from the Andromeda Galaxy         

 and from the outskirts of the           

 Perseus Cluster             (again, 

using XMM-Newton) 

 Possibly an unknown atomic           

 transition line? (hard to access) 
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The X-Ray Line 

 

 

 

 

 

 Among other possibilities, such a line could result from the decays of 

a ~7 keV sterile neutrino 

 Such particles could be produced in the early     

 universe via oscillations with active neutrinos      

  (Dodelson-Widrow mechanism) 

 In simple models, a 7 keV sterile neutrino      

 that made up all of the dark matter would     

 produce a line that is much brighter than       is 

is observed; In contrast, the observed line      

 might come from a sterile neutrino that       

 makes up ~1% of the dark matter 

 Alternatively, the sterile neutrino could be              

part of a sector with a large lepton         

 number asymmetry or other features that       

 enhance their production and abundance 
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The X-Ray Line 

 

 

 

 

 

 To me, the elephant in the room is the question of why no such line 

is observed from the halo of the Milky Way 

 Velocity dependent emission is one way around this constraint 

(eXciting dark matter, for example; see 1402.6671) 
 

 

Riemer-Sorensen, 1405.7943 
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The 511 keV Line 

 

 

 

 

 

 In 2004, the INTEGRAL satellite observed a 

bright 511 keV signal from the region of the 

Galactic Bulge 

 Consistent with the annihilations (or decays) of 

~MeV dark matter particles 

 More recent observations by INTEGRAL 

revealed this signal to be somewhat 

asymmetric, similar to the observed distribution 

of low-mass X-ray binaries 
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The Isotropic Radio Background 

 

 

 

 

 

 Several radio telescopes, including 
ARCADE 2, have reported an isotropic 
background that is ~5-6 times higher than 
predicted from astrophysical sources 

 It has been suggested that this might be 
synchrotron emission from dark matter 
annihilation products (Fornengo et al 
2011/2014, Hooper et al 2012) 

 Probably requires dark matter that 
annihilates mostly to leptons, and with a 
fairly large cross section – some tension 
with gamma-ray and positron constraints 

 Interest in this possibility continues, largely 
due to how difficult it is to explain this 
observation with plausible astrophysics   
(for example, Holder 1207.0856, Cline and 
Vincent 1210.2717)  
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV    
  

Radio Bkg.   
 

Positron Excess  
 

130 GeV line   
 

3.5 keV line   
 

GeV Excess       
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV   Modest   Semi-plausible (LMXBs) Non-standard, plausible 
  

Radio Bkg.   
 

Positron Excess  
 

130 GeV line   
 

3.5 keV line   
 

GeV Excess       
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV   Modest   Semi-plausible (LMXBs) Non-standard, plausible 
  

Radio Bkg.  Modest   Non-standard (z~6?)     Non-standard 
 

Positron Excess  
 

130 GeV line   
 

3.5 keV line   
 

GeV Excess       
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV   Modest   Semi-plausible (LMXBs) Non-standard, plausible 
  

Radio Bkg.  Modest   Non-standard (z~6?)     Non-standard 
 

Positron Excess Modest    Plausible (pulsars)     Non-standard, plausible 
 

130 GeV line   
 

3.5 keV line   
 

GeV Excess       
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV   Modest   Semi-plausible (LMXBs) Non-standard, plausible 
  

Radio Bkg.  Modest   Non-standard (z~6?)     Non-standard 
 

Positron Excess Modest    Plausible (pulsars)     Non-standard, plausible 
 

130 GeV line  Low significance   NA         Non-standard, plausible 
 

3.5 keV line   
 

GeV Excess       
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV   Modest   Semi-plausible (LMXBs) Non-standard, plausible 
  

Radio Bkg.  Modest   Non-standard (z~6?)     Non-standard 
 

Positron Excess Modest    Plausible (pulsars)     Non-standard, plausible 
 

130 GeV line  Low significance   NA         Non-standard, plausible 
 

3.5 keV line  Modest   Unknown atomic line?     Fairly standard 
 

GeV Excess       
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Excesses and Anomalies (circa 2014) 

 

 

 

 

 

Anomaly      Info. Content Astrophysics?       Dark Matter?  
 

511 keV   Modest   Semi-plausible (LMXBs) Non-standard, plausible 
  

Radio Bkg.  Modest   Non-standard (z~6?)     Non-standard 
 

Positron Excess Modest    Plausible (pulsars)     Non-standard, plausible 
 

130 GeV line  Low significance   NA         Non-standard, plausible 
 

3.5 keV line  Modest   Unknown atomic line?     Fairly standard 
 

GeV Excess   High   None apparent      Standard 
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Caveat: Every entry in this table is highly subjective 

Advice: Learn the details for yourself and make your own evaluations 
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 

annihilations is described by: 
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 

annihilations is described by: 

 

 

  

 

1) Distinctive “bump-like” spectrum 
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 

annihilations is described by: 

 

 

  

 

1) Distinctive “bump-like” spectrum 
 

2) Normalization of the signal is set by 

the dark matter’s mass and annihilation 

cross section (in the low-velocity limit) 
 

 
 

  

 

 

 

 

-To be produced with the observed dark matter abundance, a GeV-TeV thermal relic 

must annihilate at a rate equivalent to σv~2x10-26 cm3/s (at freeze-out) 
 

-Although many model-dependent factors can lead to a somewhat different 

annihilation cross section today (velocity dependence, co-annihilations, resonances), 

most models predict current annihilation rates that are not far from ~10-26 cm3/s 
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 

annihilations is described by: 

 

 

  

 

1) Distinctive “bump-like” spectrum 
 

2) Normalization of the signal is set by 

the dark matter’s mass and annihilation 

cross section (in the low-velocity limit) 
 

3) Signal concentrated around the 

Galactic Center (but not point-like) with 

approximate spherical symmetry; 

precise morphology determined by the 

dark matter distribution 
 

  

 

 

 

 

M. Kuhlen et al. 



The Distribution of Dark Matter in the 

Inner Milky Way 
Dark matter only simulations (Via Lactea, Aquarius, etc.) produce halos that 

possess inner profiles of ρ α r -γ  where γ ~ 1.0 to 1.2  
 

The inner volume (~10 kpc) of the Milky Way is dominated by baryons, not 

dark matter – significant departures from the results of dark matter-only 

simulations may be expected 
 

Existing microlensing and dynamical data                                  

are not capable of determining the inner                                        

slope, although γ~1.3 provides the best fit 
 

Although hydrodynamical simulations have                          

begun to converge in favor of a moderate                 

degree of contraction in Milky Way-like halos             (    

(favoring γ~1.2-1.5), other groups find that                    

cusps may be flattened if baryonic feedback           

processes are very efficient (γ < 1)   
 

We keep an open mind and adopt a                          

generalized profile with an inner slope, γ 
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FIG. 5: Const raints on the Dark Mat ter dist ribut ion parameters ρ0 and α for a generalised NFW (left ) and an Einasto (right )
profile using the baryonic model 5. The thick dot -dashed curve is the 2σ const raint already shown in Figure 3, while the

contours show the parameter space producing a good fit t o the rotat ion curve (∆ χ2 = 2.30, 6.18) with the best -fit configurat ion
indicated by the cross. The shadowed rectangle encompasses the ranges of profi le slopes found in numerical simulat ions and the

values of ρ0 found in the recent literature (see Sect ion I I), while the red fi lled circle in the left frame marks the parameter set
(ρ0 = 0.4 GeV/ cm

3
, α = 1.0) used to produce Figure 2. The empty up-t riangle, circle and down-t riangle in the left frame show

the local density and shape of the DM profi le upon adiabat ic cont ract ion of the init ial profi le indicated by the corresponding
fi l led symbols. The adiabat ic cont ract ion was applied using model 5 to fix the baryonic dist ribut ion M b(< r ), that entails

f b = 5.2%, 4.0%, 3.0% for the up-t riangle, circle and down-t riangle, respect ively. In both frames we have fixed r s = 20 kpc,
R0 = 8.0 kpc and v0 = 230 km/ s.

5 for the baryonic component , we have contracted the
init ial profiles indicated in Figure 5 (left ) by the filled
up-t riangle, circle and down-t riangle with f b = M b(<
200 kpc)/ M t ot (< 200 kpc) = 5.2%, 4.0%, 3.0%, respec-
t ively. The final DM profile turns out to be well fit ted by
a generalised NFW funct ion with parameters marked by
the empty symbols in the same Figure (the cont racted
profile corresponding to the filled circle is indicated by
the red long-dashed line in the bot tom right frame of
Figure 2). In part icular, we find enhanced local DM den-
sit ies and slopes α 1.6 − 1.7, which are slight ly above
the value α = 1.5 found elsewhere [73] (see also refer-
ences therein) but note that we are using the original
adiabat ic contract ion model [57] and not one of its refine-
ments [58, 59]. Although our analysis cannot rule out the
presence of adiabat ically compressed profi les since they
depend on the init ial total mass dist ribut ion and on the
specific baryonic model adopted, it definitely allows us to
claim that if the present -day DM profile is steeply rising
towards the cent re, then the local DM density must be
small. For the specific case of α = 1.5 (1.7) we find an
1σ range ρ0 0.25− 0.35 (0.22− 0.30) GeV/ cm3. Some
of the ext reme models discussed in the literature, e.g. in
the context of indirect DM searches [73, 74], are therefore
found to be ruled out by a combinat ion of microlensing
and dynamical observat ions.

V I . CON CL U SI ON S

We have studied the const raints that microlensing and
dynamical observat ions can set on the dist ribut ion of
Dark Mat ter in the Galaxy, keeping into account all
experimental uncertaint ies. Start ing from state-of-the-
art models for the galact ic baryonic component , we have
rescaled them to match the observed microlensing opt ical
depth towards the galact ic bulge, and compared the re-
sult ing rotat ion curvewith theone inferred from terminal
velocit ies of gas clouds and other kinemat ical probes.

This allowed us to revisit the compat ibility of different
observat ional probes with the results that emerge from
numerical simulat ion in ΛCDM cosmologies. We have
followed two different approaches. In the first one, we
have set conservat ive upper limits on the Dark Mat ter
local density and profile shape towards the cent re of the
Galaxy, working with generalised NFW and Einasto pro-
files. The fiducial parameters usually adopted in the lit -
erature for both profiles have been found to be safely
within the allowed regions set by our analysis, contrary
to earlier claims of inconsistency between observat ions
and cuspy Dark Mat ter profiles.

In our second approach, we focussed on the only bary-
onic model among those discussed here that also contains

Iocco, et al., arXiv:1107.5810; 

Gnedin, et al., arXiv:1108.5736 

γ 



Basic Analysis Approach 

 

 

 

 

1) Inner Galaxy Analysis: 

Sum spatial templates (diffuse+bubbles+isotropic+dark matter), and constrain 

the intensity of each component independently in each energy bin across the 

entire sky (except within 1° of the plane or within 2° of bright sources) 
 

 

 

2) Galactic Center Analysis: 

In the inner 10°x10° box around the GC,                   

fit the data to the sum of the diffuse model,                

all known point sources, 20 cm template,                           

isotropic template, and dark matter 
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Basic Features of the GeV Excess 
 

 

 

 

 The excess is distributed around the 

Galactic Center with a flux that falls off 

approximately as r 
-2.5 (if interpreted as 

dark matter annihilation products, this 

implies ρDM ~ r 
-1.25 ) 

 

 The spectrum of this excess peaks at ~1-

3 GeV, and is in very good   agreement 

with that predicted from           a 30-40 

GeV WIMP     (annihilating to b 

quarks) 
 

 To normalize the observed signal with 

annihilating dark matter, a cross     

section of σv ~ 2 x 10-26 cm^3/s is    

required (for ρlocal = 0.3 GeV/cm3) 
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Skymaps of the Residuals
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Skymaps of the Residuals
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Spectrum of the Residuals

!

Inner Galaxy - The DM template naturally picks up the following spectral 

shape - the normalization of the NFW template is allowed to float 

independently in every energy bin

!

Galactic Center - Various initial seeds for the dark matter spectrum, the 

best fit spectrum is then calculated and fed back into the fitting algorithm, 

the process is repeated iteratively until a best fit solution is reached. We 

find the final spectrum to be independent of the initial seed.

Spectrum of the Residuals

!

Inner Galaxy - The DM template naturally picks up the following spectral 

shape - the normalization of the NFW template is allowed to float 

independently in every energy bin

!

Galactic Center - Various initial seeds for the dark matter spectrum, the 

best fit spectrum is then calculated and fed back into the fitting algorithm, 

the process is repeated iteratively until a best fit solution is reached. We 

find the final spectrum to be independent of the initial seed.



For More Details: 

 

 

 

 

T. Daylan, D. Finkbeiner, DH, T. Linden, S. Portillo, N. Rodd,          

and T. Slatyer, arXiv:1402.6703 (submitted to PRD) 
 

For earlier work related to this signal and its interpretation, see: 

 L. Goodenough, DH, arXiv:0910.2998 

 DH, L. Goodenough, PLB, arXiv:1010.2752 

 DH, T. Linden, PRD, arXiv:1110.0006 

 K. Abazajian, M. Kaplinghat, PRD, arXiv:1207.6047 

 DH, T. Slatyer, PDU, arXiv:1302.6589 

 C. Gordon, O. Macias, PRD, arXiv:1306.5725 

 W. Huang, A. Urbano, W. Xue, arXiv:1307.6862 

 K. Abazajian, N. Canac, S.Horiuchi, M. Kaplinghat, arXiv:1402.4090 
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As far as I am aware, no published analysis of this data has  

disagreed with these conclusions – the signal is there, and it has  

the basic features described on the previous slides 
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As far as I am aware, no published analysis of this data has  

disagreed with these conclusions – the signal is there, and it has  

the basic features described on the previous slides 

 

 

In the remainder of this talk, I am going to skip over many details 

and questions, and focus on four main points  
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Point 1: Overwhelming Statistical 

Significance and Detailed Information  
(we know a lot about the excess)  

 

 

 

 

 This excess consists of ~104 photons per square meter, 

per year (>1 GeV, within 10° of the Galactic Center)  
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FIG. 9: The raw gamma-ray maps (left ) and the residual maps after subt ract ing the best -fit Galact ic di↵use model, 20 cm

template, point sources, and isot ropic template (right ), in unit s of photons/ cm2 / s/ sr. The right frames clearly contain a
significant cent ral and spat ially extended excess, peaking at ⇠1-3 GeV. Results are shown in galact ic coordinates, and all maps

have been smoothed by a 0.25◦ Gaussian.

of the Galact ic Plane, while values greater than one are
preferent ially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientat ions
is taken to be γ = 1.3 (left ) and 1.2 (right ). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric dist ri-
but ion, and disfavors any axis rat io which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galact ic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
t ic Plane, but along any arbit rary orientat ion. Again,
we find that that the quality of the fit worsens if the the
template is significant ly elongated either along or per-
pendicular to the direct ion of the Galact ic Plane. A mild
stat ist ical preference is found, however, for a morphology
with an axis rat io of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35◦ counterclockwise from the Galact ic Plane in
galact ic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While thismay bea stat is-
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of the Galact ic Plane, while values greater than one are
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each case, the profile slope averaged over all orientat ions
is taken to be γ = 1.3 (left ) and 1.2 (right ). From this
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but ion, and disfavors any axis rat io which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galact ic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
t ic Plane, but along any arbit rary orientat ion. Again,
we find that that the quality of the fit worsens if the the
template is significant ly elongated either along or per-
pendicular to the direct ion of the Galact ic Plane. A mild
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in our Inner Galaxy analysis). While thismay bea stat is-
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Point 1: Overwhelming Statistical 

Significance and Detailed Information  
(we know a lot about the excess)  

 

 

 

 

 This excess consists of ~104 photons per square meter, 

per year (>1 GeV, within 10° of the Galactic Center) 
  

 In our Inner Galaxy analysis, the quality of the best-fit 

found with a dark matter component improves over the 

best-fit without a dark matter component by over 40 σ   

(the Galactic Center analysis “only” prefers a dark 

matter component at the level of 17 σ) 
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The Detailed Morphology of the Excess 

 

 

 

 

 When we replace the spherically symmetric template (motivated by 

dark matter) with an elongated template, the fit uniformly worsens 

 The axis-ratio of the excess is strongly preferred to be within ~20% 

of unity 
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FIG. 10: The change in the quality of the fit , as performed in Sec. IV ’s Inner Galaxy analysis (left frame) and Sec. V ’s Galact ic
Center analysis (right frame), when breaking our assumpt ion of spherical symmet ry for the dark mat ter template. The axis
rat io is defined such that values less than one are elongated along the Galact ic Plane, whereas values greater than one are

elongated with Galact ic lat itude. The fit st rongly prefers a morphology for the anomalous component that is approximately
spherically symmet ric, with an axis rat io near unity.

FIG. 11: The change in the quality of the fit in our Galact ic

Center analysis, for a dark mat ter template that is elongated
along an arbit rary orientat ion (x-axis) and with an arbit rary

axis rat io (y-axis). As shown in Fig. 10, the fit worsens if the
this template is significant ly st retched either along or perpen-

dicular to the direct ion of the Galact ic Plane (corresponding
to 0◦ or 90◦ on the x-axis, respect ively). A mild stat ist ical

preference, however, is found for a morphology with an axis
rat io of ⇠1.3-1.4 elongated along an axis rotated ⇠35◦ coun-

terclockwise from the Galact ic Plane.

FIG. 12: To test whether the excess emission is centered

around the dynamical center of the Milky Way (Sgr A⇤), we
plot the ∆ χ2 of the fit found in our Galact ic Center analysis,

as a funct ion of the center of our dark mat ter template. The
fit clearly prefers this template to be centered within ⇠0.05◦

degrees of the locat ion of Sgr A⇤.
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The Detailed Morphology of the Excess 

 

 

 

 

 When we replace the spherically symmetric template (motivated by 

dark matter) with an elongated template, the fit uniformly worsens 

 The axis-ratio of the excess is strongly preferred to be within ~20% 

of unity 

 The excess is also very precisely            

centered around the dynamical             

 center of the Milky Way,           

 within ~0.03° (~5 pc) of Sgr A* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

!

Galactic Center Model: We can test models where the DM 

profile is spatially offset from the true position of the Galactic 

Center. We find the data to prefer a NFW profile centered on the 

position of Sgr A* to within 0.05o

The Morphology of the Gamma-Ray Excess
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A Robust Determination of the 

Signal’s Spectrum 
 

 

 

 

 In past studies of this signal (including my own), it was difficult 

to control systematic uncertainties at low energies (<1 GeV), 

where Fermi’s point spread function (PSF) is large, allowing 

astrophysical backgrounds from the Galactic Plane and bright 

point sources to bleed into other regions of interest 
 

 We largely avoid this problem in our analysis           

by cutting on the parameter CTBCORE,           

which strongly suppresses the PSF tails  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

Dan Hooper – Indirect Dark Matter Searches: Excesses and Anomalies  



Point 2: It Is Easy To Account For This 

Signal With Annihilating Dark Matter  

 

 

 

The cross section required to normalize the observed excess is 

remarkably well-matched to the range of values predicted for a simple 

(s-wave dominated) thermal relic   
 

Direct detection constraints rule                    

out some models (those with             

unsuppressed scalar or vector           

interactions with quarks), but many            

remain viable                  
 

Somewhat contrary to conventional          

wisdom, the LHC does not yet              

exclude many of these models 
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Focusing on dark matter models that annihilate directly to 

the standard model, we have identified 16 scenarios that 

could account for the gamma-ray signal without conflicting 

with current constraints: 
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These scenarios roughly fall into three categories: 
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These scenarios roughly fall into three categories: 
 

1) Models with pseudoscalar interactions (see also Boehm et al. 1401.6458, 

Ipek et al. 1404.3716) 
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These scenarios roughly fall into three categories: 
 

1) Models with pseudoscalar interactions 
 

2) Models with axial interactions (or vector interactions with 3rd generation) 
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These scenarios roughly fall into three categories: 
 

1) Models with pseudoscalar interactions 
 

2) Models with axial interactions (or vector interactions with 3rd generation) 
 

3) Models with a colored and charged t-channel mediator (see Agrawal et 

al. 1404.1373) 
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Constraints from Mono-X   

 
We have also considered constraints (and projected constraints) from 

mono-jet, mono-b, and mono-W/Z searches at the LHC 

 

-Such searches constrain the                 

coefficients of effective operators,               

roughly corresponding to (gf gX)1/2/Mmed
 

 

-Reality, however, is only imperfectly              

described by effective operators 
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Sidebar: The Validity of 
Effective Field Theory   

 
When one derives a constraint on the coefficient of an effective operator, 

they are implicitly assuming that all of the particles being exchanged are 

much heavier than the center-of-mass energy of the interaction 
 

This assumption can either overestimate or underestimate the actual 

constraint on the mediator mass and couplings: 

 
 

Mmed >> ECM, the correct limit is obtained 
 

Mmed ~ ECM, the limit is underestimated           
 

Mmed << ECM, the limit is overestimated            
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Figur e 3. Left panel: The 90% CL limit on ⇤as a funct ion of mmed for our axial-vector simplified

model with mDM = 250 GeV. Right panel: The rat io of the inclusive cross-sect ions in the EFT

to the simplified model. In both panels, three dist inct regions of parameter space are marked: In

Region I, the EFT and simplified model calculat ion agree at the level of 20% or bet ter; in Region

I I, the simplified model cross-sect ion is larger than the EFT cross-sect ion owing to a resonant

enhancement ; and in Region I I I, the simplified model cross-sect ion is smaller than the EFT cross-

sect ion. In the left panel we consider two mediator widths Γ. The grey shaded regions indicate

that the boundary between the regions is weakly dependent on Γ.

comparison between the monojet limits and direct detect ion searches is more interest ing

in this case (we consider this further in sect ion 4).

If the axial-vector mediator is suitably heavy (to be quant ified more carefully below) it

can be integrated out to obtain the e↵ect ive axial-vector contact operator in eq. (2.2). In

this case, the contact interact ion scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤⌘
mmed
p

gq gχ
. (3.2)

In fact , even when we study the e↵ects beyond the EFT framework, we will st ill use this

as our definit ion of ⇤.

Now that we have completed the definit ion of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a funct ion of

mmed. Three dist inct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤agree at the level of 20%

or bet ter (this region was studied in [45] for the scalar interact ion). The measure of 20%

corresponds to the uncertainty on the signal cross-sect ions in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤can be applied to the simplified model and requires mmed & 3 TeV. In

Region I I, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement . Finally, we define Region I I I to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit .
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Sidebar: The Validity of 
Effective Field Theory   

 
For LHC 8 TeV, typical dark matter models do not lie in the “Region I”  

where EFT is valid 
 

This provides strong motivation to move beyond EFT and toward 

simplified models  
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Constraints from Mono-X   

 
In general, we found that current LHC mono-jet constraints are within a 

factor of a few of that required to test dark matter models for the Galactic 

Center gamma-ray excess, so long as: 

 

1) The mediating particles couple to light                    

quarks (if couple only to heavy quarks,              

mono-b constraints are more important) 

Data at 13-14 TeV should be able to  

reach this target! 

 

2) The mass of the mediator is not less           

than a few hundred GeV                

(where EFT breaks down) 
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Hidden Sector Models  

 
Although the lack of signals observed in direct detection experiments 

and at colliders restricts the nature of the dark matter’s interactions 

with the Standard Model, many tree-level annihilation processes 

continue to be viable 
 

Alternatively, one could take this as motivation to consider dark matter 

that does not couple directly to the Standard Model, but instead 

annihilates into other particles that subsequently decay into Standard 

Model fermions:  
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FIG. 3. Annihilat ion of dark mat ter into two hidden photons

via (A ) t- and (B ) u-channel diagrams. T he hidden photons
decay into Standard Model part icles through kinet ic mixing

with the Standard Model photon.

through dark mat ter annihilat ions, however, is propor-
t ional to σv/ mX . As a result , the higher dark mat ter
masses required in the case of cascade annihilat ions re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate part icles are
nearly degenerate in mass to the dark mat ter, this can
lead to a phasespacesuppression of theannihilat ion cross
sect ion that ismorepronounced in theGalaxy today than
it was at the t ime and temperature of thermal freeze-out ,
reducing the annihilat ion rate in the Galact ic Center by
a factor of:

hσvi t oday

hσvi freeze− out

'

p
✏+ v2

0(1 − ✏)
p
✏+ v2

FO (1− ✏)
, (3)

where vFO ' 0.3, v0 ' 10− 3, and ✏⌘ (m2
X − m2

φ)/ m2
X .

For a mass split t ing of order 1% (5%), the present-day
annihilat ion rate will be suppressed by a factor of a few
(a few percent).

While these factors impact ing the normalizat ion of the
gamma-ray signal are not insignificant , they can be com-
pensated by adjust ing the mass of the Milky Way’s dark
mat ter profi le, which is uncertain at the level of a factor
of a few [39].

I I I . A H I D D EN P H OT ON M OD EL

In this sect ion, we consider a simple model in which
the dark mat ter, X , is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, φ,
somet imes called a hidden or dark photon. Together,
the dark mat ter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark mat ter interact ing through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark mat ter
candidate, then dark mat ter annihilat ions will be domi-
nated by the t- and u-channel exchange of an X into a
pair of φ part icles, as shown in Fig. 3. The cross sect ion
for this process is fully determined by the masses mX

and mφ , and the U(1)X charge, gX , and is given by:

hσvi X X ! φφ '
⇡↵2

X

m2
X

(1− m2
φ/ m2

X )3/ 2

(1 − m2
φ / 2m2

X )2
(4)

' 2.2⇥ 10− 26 cm3/ s

⇥

✓
gX

0.1

◆4✓
34GeV

mX

◆2 (1 − m2
φ / m2

X )3/ 2

(1− m2
φ/ 2m2

X )2
,

where ↵X ⌘ g2
X / 4⇡ is the fine st ructure constant of

U(1)X . Throughout the remainder of this sect ion, we
will set gX such that σv = 2.2⇥ 10− 26 cm3/ s, thus gen-
erat ing a thermal relic abundance in agreement with the
cosmological dark mat ter density [53]. This cross sect ion
also leads to a gamma-ray signal that , within uncertain-
t ies in the normalizat ion of the Milky Way’s dark mat ter
halo profile, is in agreement with that observed from the
Galact ic Center [10].

The size of the coupling, gX , has no direct implicat ion
for the st rength with which the dark mat ter couples to
the Standard Model. If the photon and the φ undergo
kinet ic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
nat ively, one could also consider mixing between the φ
and theZ ). Thiskinet ic mixing can bedescribed by a La-
grangian of the form L = 1

2
✏F 0

µ⌫F
µ⌫[54], which isallowed

by all symmetries of the theory. K inet ic mixing with the
photon then allows for suppressed couplings between the
φ and the part icles of the Standard Model, proport ional
to their elect ric charge. Although there is no robust pre-
dict ion for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinet ic mixing of the following order [49, 54, 56]:

✏⇠
gX gY cos✓W

16⇡ 2
ln

✓
M 02

M 2

◆

⇠ 2⇥ 10− 4

✓
gX

0.1

◆

ln

✓
M 02

M 2

◆

,

(5)

where M 0 and M are the masses of the part icles in the
loop. Thus we expect the kinet ic mixing to occur at a
level of ✏⇠ 10− 3 or less, modulo the possibility of a large
hierarchy between M 0 and M . I f the split t ing between
the di↵erent components of the GUT mult iplet is instead
generated at loop order, then✏will be suppressed by two
loops, further reducing the expected value of✏. Through-
out this sect ion, we will assume that ✏is large enough to
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through dark mat ter annihilat ions, however, is propor-
t ional to σv/ mX . As a result , the higher dark mat ter
masses required in the case of cascade annihilat ions re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate part icles are
nearly degenerate in mass to the dark mat ter, this can
lead to a phasespacesuppression of theannihilat ion cross
sect ion that ismorepronounced in theGalaxy today than
it was at the t ime and temperature of thermal freeze-out ,
reducing the annihilat ion rate in the Galact ic Center by
a factor of:

hσvi t oday

hσvi freeze− out

'

p
✏+ v2

0(1 − ✏)
p
✏+ v2

FO (1− ✏)
, (3)

where vFO ' 0.3, v0 ' 10− 3, and ✏⌘ (m2
X − m2

φ)/ m2
X .

For a mass split t ing of order 1% (5%), the present-day
annihilat ion rate will be suppressed by a factor of a few
(a few percent).

While these factors impact ing the normalizat ion of the
gamma-ray signal are not insignificant , they can be com-
pensated by adjust ing the mass of the Milky Way’s dark
mat ter profi le, which is uncertain at the level of a factor
of a few [39].

I I I . A H I D D EN P H OT ON M OD EL

In this sect ion, we consider a simple model in which
the dark mat ter, X , is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, φ,
somet imes called a hidden or dark photon. Together,
the dark mat ter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark mat ter interact ing through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark mat ter
candidate, then dark mat ter annihilat ions will be domi-
nated by the t- and u-channel exchange of an X into a
pair of φ part icles, as shown in Fig. 3. The cross sect ion
for this process is fully determined by the masses mX

and mφ , and the U(1)X charge, gX , and is given by:

hσvi X X ! φφ '
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where ↵X ⌘ g2
X / 4⇡ is the fine st ructure constant of

U(1)X . Throughout the remainder of this sect ion, we
will set gX such that σv = 2.2⇥ 10− 26 cm3/ s, thus gen-
erat ing a thermal relic abundance in agreement with the
cosmological dark mat ter density [53]. This cross sect ion
also leads to a gamma-ray signal that , within uncertain-
t ies in the normalizat ion of the Milky Way’s dark mat ter
halo profile, is in agreement with that observed from the
Galact ic Center [10].

The size of the coupling, gX , has no direct implicat ion
for the st rength with which the dark mat ter couples to
the Standard Model. If the photon and the φ undergo
kinet ic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
nat ively, one could also consider mixing between the φ
and theZ ). Thiskinet ic mixing can bedescribed by a La-
grangian of the form L = 1

2
✏F 0

µ⌫F
µ⌫[54], which isallowed

by all symmetries of the theory. K inet ic mixing with the
photon then allows for suppressed couplings between the
φ and the part icles of the Standard Model, proport ional
to their elect ric charge. Although there is no robust pre-
dict ion for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinet ic mixing of the following order [49, 54, 56]:
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where M 0 and M are the masses of the part icles in the
loop. Thus we expect the kinet ic mixing to occur at a
level of ✏⇠ 10− 3 or less, modulo the possibility of a large
hierarchy between M 0 and M . I f the split t ing between
the di↵erent components of the GUT mult iplet is instead
generated at loop order, then✏will be suppressed by two
loops, further reducing the expected value of✏. Through-
out this sect ion, we will assume that ✏is large enough to
have kept the hidden sector in thermal equilibrium with
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through dark mat ter annihilat ions, however, is propor-
t ional to σv/ mX . As a result , the higher dark mat ter
masses required in the case of cascade annihilat ions re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate part icles are
nearly degenerate in mass to the dark mat ter, this can
lead to a phasespacesuppression of theannihilat ion cross
sect ion that ismorepronounced in theGalaxy today than
it was at the t ime and temperature of thermal freeze-out ,
reducing the annihilat ion rate in the Galact ic Center by
a factor of:
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For a mass split t ing of order 1% (5%), the present-day
annihilat ion rate will be suppressed by a factor of a few
(a few percent).

While these factors impact ing the normalizat ion of the
gamma-ray signal are not insignificant , they can be com-
pensated by adjust ing the mass of the Milky Way’s dark
mat ter profi le, which is uncertain at the level of a factor
of a few [39].
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In this sect ion, we consider a simple model in which
the dark mat ter, X , is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, φ,
somet imes called a hidden or dark photon. Together,
the dark mat ter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark mat ter interact ing through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark mat ter
candidate, then dark mat ter annihilat ions will be domi-
nated by the t- and u-channel exchange of an X into a
pair of φ part icles, as shown in Fig. 3. The cross sect ion
for this process is fully determined by the masses mX

and mφ , and the U(1)X charge, gX , and is given by:
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where ↵X ⌘ g2
X / 4⇡ is the fine st ructure constant of

U(1)X . Throughout the remainder of this sect ion, we
will set gX such that σv = 2.2⇥ 10− 26 cm3/ s, thus gen-
erat ing a thermal relic abundance in agreement with the
cosmological dark mat ter density [53]. This cross sect ion
also leads to a gamma-ray signal that , within uncertain-
t ies in the normalizat ion of the Milky Way’s dark mat ter
halo profile, is in agreement with that observed from the
Galact ic Center [10].

The size of the coupling, gX , has no direct implicat ion
for the st rength with which the dark mat ter couples to
the Standard Model. If the photon and the φ undergo
kinet ic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
nat ively, one could also consider mixing between the φ
and theZ ). Thiskinet ic mixing can bedescribed by a La-
grangian of the form L = 1

2
✏F 0

µ⌫F
µ⌫[54], which isallowed

by all symmetries of the theory. K inet ic mixing with the
photon then allows for suppressed couplings between the
φ and the part icles of the Standard Model, proport ional
to their elect ric charge. Although there is no robust pre-
dict ion for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinet ic mixing of the following order [49, 54, 56]:
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where M 0 and M are the masses of the part icles in the
loop. Thus we expect the kinet ic mixing to occur at a
level of ✏⇠ 10− 3 or less, modulo the possibility of a large
hierarchy between M 0 and M . I f the split t ing between
the di↵erent components of the GUT mult iplet is instead
generated at loop order, then✏will be suppressed by two
loops, further reducing the expected value of✏. Through-
out this sect ion, we will assume that ✏is large enough to
have kept the hidden sector in thermal equilibrium with
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through dark mat ter annihilat ions, however, is propor-
t ional to σv/ mX .1 As a result , the higher dark mat ter
masses required in the case of cascade annihilat ions re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate part icles are
nearly degenerate in mass to the dark mat ter, this can
lead to a phasespacesuppression of theannihilat ion cross
sect ion that ismorepronounced in theGalaxy today than
it was at the t ime and temperature of thermal freeze-out ,
reducing the annihilat ion rate in the Galact ic Center by
a factor of:
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where vFO ' 0.3, v0 ' 10− 3, and ✏⌘ (m2
X − m2

φ)/ m2
X .

For a mass split t ing of order 1% (5%), the present -day
annihilat ion rate will be suppressed by a factor of a few
(a few percent).

While these factors impact ing the normalizat ion of the
gamma-ray signal are not insignificant , they can be com-
pensated by adjust ing the mass of the Milky Way’s dark
mat ter profile, which is uncertain at the level of a factor
of a few [39].

I I I . A H I D D EN P H OT ON M OD EL

In this sect ion, we consider a simple model in which
the dark mat ter, X , is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, φ,
somet imes called a hidden or dark photon. Together,

1 T he annihilat ion rate and power per annihilat ion scale asσv/ m2
X

and mX , respect ively.

the dark mat ter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark mat ter interact ing through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark mat ter
candidate, then dark mat ter annihilat ions will be domi-
nated by the t- and u-channel exchange of an X into a
pair of φ part icles, as shown in Fig. 3. The cross sect ion
for this process is fully determined by the masses mX

and mφ, and the U(1)X charge, gX , and is given by:

hσvi X X ! φφ '
⇡↵2

X
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where ↵X ⌘ g2
X / 4⇡ is the fine structure constant of

U(1)X . Throughout the remainder of this sect ion, we
will set gX such that σv = 2.2⇥ 10− 26 cm3/ s, thus gen-
erat ing a thermal relic abundance in agreement with the
cosmological dark mat ter density [53]. This cross sect ion
also leads to a gamma-ray signal that , within uncertain-
t ies in the normalizat ion of the Milky Way’s dark mat ter
halo profile, is in agreement with that observed from the
Galact ic Center [10].

The size of the coupling, gX , has no direct implicat ion
for the strength with which the dark mat ter couples to
the Standard Model. If the photon and the φ undergo
kinet ic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
nat ively, one could also consider mixing between the φ
and theZ ). Thiskinet ic mixing can bedescribed by a La-
grangian of the form L = 1

2
✏F 0

µ⌫F
µ⌫[54], which isallowed

by all symmetries of the theory. K inet ic mixing with the
photon then allows for suppressed couplings between the
φ and the part icles of the Standard Model, proport ional
to their elect ric charge. Although there is no robust pre-
dict ion for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinet ic mixing of the following order [49, 54, 56]:
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where M 0 and M are the masses of the part icles in the
loop. Thus we expect the kinet ic mixing to occur at a
level of ✏⇠ 10− 3 or less, modulo the possibility of a large
hierarchy between M 0 and M . I f the split t ing between
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through dark mat ter annihilat ions, however, is propor-
t ional to σv/ mX .1 As a result , the higher dark mat ter
masses required in the case of cascade annihilat ions re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate part icles are
nearly degenerate in mass to the dark mat ter, this can
lead to a phasespacesuppression of theannihilat ion cross
sect ion that ismorepronounced in theGalaxy today than
it was at the t ime and temperature of thermal freeze-out ,
reducing the annihilat ion rate in the Galact ic Center by
a factor of:
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For a mass split t ing of order 1% (5%), the present -day
annihilat ion rate will be suppressed by a factor of a few
(a few percent).

While these factors impact ing the normalizat ion of the
gamma-ray signal are not insignificant , they can be com-
pensated by adjust ing the mass of the Milky Way’s dark
mat ter profile, which is uncertain at the level of a factor
of a few [39].
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In this sect ion, we consider a simple model in which
the dark mat ter, X , is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, φ,
somet imes called a hidden or dark photon. Together,

1 T he annihilat ion rate and power per annihilat ion scale asσv/ m2
X

and mX , respect ively.

the dark mat ter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark mat ter interact ing through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark mat ter
candidate, then dark mat ter annihilat ions will be domi-
nated by the t- and u-channel exchange of an X into a
pair of φ part icles, as shown in Fig. 3. The cross sect ion
for this process is fully determined by the masses mX

and mφ, and the U(1)X charge, gX , and is given by:
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where ↵X ⌘ g2
X / 4⇡ is the fine structure constant of

U(1)X . Throughout the remainder of this sect ion, we
will set gX such that σv = 2.2⇥ 10− 26 cm3/ s, thus gen-
erat ing a thermal relic abundance in agreement with the
cosmological dark mat ter density [53]. This cross sect ion
also leads to a gamma-ray signal that , within uncertain-
t ies in the normalizat ion of the Milky Way’s dark mat ter
halo profile, is in agreement with that observed from the
Galact ic Center [10].

The size of the coupling, gX , has no direct implicat ion
for the strength with which the dark mat ter couples to
the Standard Model. If the photon and the φ undergo
kinet ic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
nat ively, one could also consider mixing between the φ
and theZ ). Thiskinet ic mixing can bedescribed by a La-
grangian of the form L = 1

2
✏F 0

µ⌫F
µ⌫[54], which isallowed

by all symmetries of the theory. K inet ic mixing with the
photon then allows for suppressed couplings between the
φ and the part icles of the Standard Model, proport ional
to their elect ric charge. Although there is no robust pre-
dict ion for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinet ic mixing of the following order [49, 54, 56]:
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where M 0 and M are the masses of the part icles in the
loop. Thus we expect the kinet ic mixing to occur at a
level of ✏⇠ 10− 3 or less, modulo the possibility of a large
hierarchy between M 0 and M . I f the split t ing between
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t rix are given by:
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2
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i
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i
tan β

+ M 2
Z cos2 β

M 2
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h
2(µ + λvs) cosβ − (Aλ + µ0 + 2 vs) sinβ

i

M 2
S,33 = vs(A + 3µ0 + 4 vs) +

1

2
λ

v2

vs

(Aλ + µ0) sin 2β

−
1

vs

(µ0⇠F + ⇠S + λµv2). (10)

After rotat ing the basis and dropping the Goldstone
mode, the CP-odd mass squared matrix in the (A, as)
basis is given by:

M 2
P,11 = 2

h
Bµ + λvs(Aλ + µ0 + vs) + λ⇠F

i 1

sin 2β

M 2
P,12 = λv(Aλ − µ0− 2 vs)

M 2
P,22 =

1

2
λ

v2

vs

(Aλ + µ0 + 4 vs) sin 2β − vs(3A + µ0)

− 2B 0µ0− 4 ⇠F −
1

vs

(µ0⇠F + ⇠S + λµv2). (11)

As was the case for the neut ralinos, the scalar singlet -
sector part icles decouple from the MSSM for small values
of λ . In the limit of small λ , the CP-even and CP-odd
mass eigenstates hs, as have masses approximately given
by the square roots of the 33 and 22 ent ries in Eqs. 10
and 11, respect ively. We point out that all of the terms
not proport ional to λ in the 22 ent ry of Eq. 11 are nega-
t ive. Since we are assuming that λ is very small in order
to suppress the o↵-diagonal ent ries, we have to assume
that B 0 is large and negat ive to prevent a tachyonic as.
Since B 0 does not enter the other mass matrices, we have
the parameter freedom to tune B 0 as needed. Since A
cont rols m2

h s
but does not enter M χ̃ 0 , this further im-

plies that mas
, mh s

, and mχ are e↵ect ively independent
and observe no special mass relat ions.

Assuming that the sum of the singlet -like scalar and
pseudoscalar Higgs boson masses is smaller than twice
the singlino mass (mh s

+ mas
< 2mχ ), dark mat ter anni-

hilat ions will proceed dominant ly to the ashs final state
through a combinat ion of t/ u-channel singlino exchange
and s-channel as exchange diagrams, as shown in Fig. 6.
In the low-velocity limit , the cross sect ion for this process
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FIG. 6. Annihilat ion of singlino-like neut ralino dark mat ter
into a higgs singlet scalar (hs ) and pseudoscalar (as ) via (A )
t - and (B ) s-channel diagrams. The hs and as each decay

into Standard Model fermions via mass mixing with the Higgs
bosons of the MSSM. The u-channel diagram is not shown.

is given by [67]:

hσvi χ χ ! as h s
'

4

4⇡m2
χ

vout (12)

⇥

✓
4m2

χ + m2
as

− m2
h s

4m2
χ − m2

as
− m2

h s

−
(2 vs + µ0− A ) mχ

4m2
χ − m2

as

◆2

,

where

vout =

✓

1−
(mas

+ mh s
)2

4m2
χ

◆✓

1−
(mas

− mh s
)2

4m2
χ

◆ 1/ 2

.

(13)
Although singlinos can also annihilate into hshs and/ or
asas final states, these processes are addit ionally sup-
pressed by two powers of velocity. In the case that anni-
hilat ions proceed largely through the first term in Eq. 12,
corresponding to the t / u-channel process, the cross sec-
t ion yields:

hσvi χ χ ! as h s
⇠ 2.2⇥10− 26 cm3/ s

⇥

✓

0.10

◆4✓
mχ

67GeV

◆− 2

vout . (14)

After annihilat ion to ashs, these part icles decay to
Standard Model fermions with branching rat ios propor-
t ional to mass, and thus are typically dominated by the
heaviest kinemat ically available quarks or leptons. Other
decays are possible in ext reme ranges of parameter space,
however. For instance, the branching rat io for hs ! asas

is expected to be large if mh s
> 2mas

. Alternat ively, if
mh s

> mas
+ mZ , one might expect the hs to decay into

a asZ final state. This coupling, however, is suppressed
by cos(β − ↵) and is negligible in the limit under consid-
erat ion [68].

In Fig. 7, we plot the gamma-ray spect rum from
singlino annihilat ion, for two choices of parameters. In
Fig. 8, we show the regions of the parameter space which
allow for a good fit to the gamma-ray excess, for four
choices of the singlino mass: mχ = 35, 50, 67, and 85

A. Berlin, S. McDermott, DH, 1405.5204 

The hs, as decay through mass  

mixing with the MSSM h, A  
 

Direct direct constraints require 

λ ~ 10-3 or less      

               
 

 

  



Point 3: The Lack of a Plausible 

Alternative Interpretation  

 

 

 

This signal does not correlate with the distribution of gas, dust, 

magnetic fields, cosmic rays, star formation, or radiation 

(It does, however, trace quite well the square of the dark matter 

density, for a profile slightly steeper than NFW)  
 

No known diffuse emission mechanisms can account for this excess 

 

 
 

 

 

 

 

 

 

Dan Hooper – Indirect Dark Matter Searches: Excesses and Anomalies  



Point 3: The Lack of a Plausible 

Alternative Interpretation  

 

 

 

Recently, two studies have been presented which propose that a burst-like 

injection of cosmic rays (~106 yrs) might be responsible for the excess 
 

Carlson and Profumo’s hadronic scenario (arXiv:1405.7685) predicts a 

gamma-ray signal with the following morphology: 

 

 

 

 

 

 

 

 

Our Galactic Center fit strongly prefers a much more spherical distribution – 

these morphologies can be strongly ruled out by the data 
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Point 3: The Lack of a Plausible 

Alternative Interpretation  

 

 

 

Recently, two studies have been presented which propose that a burst-like 

injection of cosmic rays (~106 yrs) might be responsible for the excess 
 

A leptonic scenario might be able to yield                      

a more spherical morphology, but                   

struggles to simultaneously fit both the              

spectrum and angular profile of the excess 
 

Furthermore, our fits include a 20 cm                 

(synchrotron) template, which does not                                  

correlate with the excess – if it originates         from CR 

electrons, it would be expected to  

 

 

 

  
 

 

 
 

 

 

 

 

 

 

(Petrovic, Serpico, Zaharijas, arXiv:1405.7928) 



The most often discussed astrophysical interpretation for this signal is 

a population of several thousand millisecond pulsars (MSPs) 

associated with the Milky Way’s central stellar cluster – such a 

population could plausibly account for much of the excess observed 

within the innermost ~1-2° of the Galaxy 
 

But we observe this excess to extend out                      

to at least ~10° from the Galactic Center 
 

If MSPs were distributed in a way that                   

could account for this extended excess,            

Fermi should have resolved many more            

as individual point sources than they did 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Point 3: The Lack of a Plausible 

Alternative Interpretation 



We find that no more than ~5-10% of the                       

excess beyond ~ 5° can come from MSPs         

(DH, Cholis, Linden, Siegal-Gaskins, Slatyer, PRD, 

arXiv:1305.0830; Calore et al. arXiv:1406.2706) 
 

This conclusion was further strengthened by recent 

measurements of the MSP luminosity function 

(Cholis, DH, Linden, arXiv:1407.5583, 1407.5625) 
 

To evade this conclusion, the luminosity function of 

bulge MSPs would have to be very different from 

the luminosity function of observed MSPs, 

consistently less bright than ~1034 erg/s   
 

A comparison of LMXBs and MSPs in globular 

clusters leads us to expect that a few percent of the 

excess might arise from MSPs (Cholis, DH, Linden, 

arXiv:1407.5625) 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Point 3: The Lack of a Plausible 

Alternative Interpretation 
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Point 4: A Dark Matter Interpretation 

of the Galactic Center Excess Provides 

Testable Predictions 

Dan Hooper – Indirect Dark Matter Searches: Excesses and Anomalies  



Dwarf Spheroidal Galaxies 
 

The Fermi Collaboration has recently presented their analysis of 25 dwarf 

spheroidal galaxies, making use of 4 years of data 
 

They find a modest excess, ~2-3σ (local) 
 

If interpreted as a signal of dark matter, this would imply a mass and cross 

section that is very similar to that required to account for the Galactic Center 

and Inner Galaxy excess 
 

 

With more data from Fermi,                               

this hint could potentially                   

become statistically significant 
 

For 10 years of data, we very                   

naively estimate: 

(2-3) σ x (10/4)1/2 (3.2-4.7) σ  
 

(not including transition to pass 8)    

 

 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 

 

 

 

 
 

 

 

 

 

 

 
 
 

 

 

Fermi Collaboration, arXiv:1310.0828 
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Cosmic Ray Antiprotons 
 

Although PAMELA wasn’t sensitive enough to test the dark model 

models in question, AMS might be (depending on the details of 

diffusion, convection and charge dependent solar modulation)  
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      (see also Kong and Park, 1404.3741, Cirelli et al. 1407.2173)  
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Summary  
 

Although many indirect detection anomalies have appeared over the years, 

the Galactic Center’s GeV excess is particularly compelling 
 

The excess is highly statistically significant, robust, and distributed with 

approximate spherical symmetry, extending out to at least 10° from the 

Galactic Center – very difficult to explain with known/proposed astrophysics 
 

The spectrum and angular distribution of this signal is very well fit by a 31-

40 GeV WIMP (annihilating to b quarks), distributed as  ~ r -1.25  
 

The normalization of this signal requires a dark matter annihilation cross 

section of σv ~ (1.7-2.3) x 10-26 cm^3/s (for ρlocal = 0.3 GeV/cm3); this is in 

remarkable agreement with the value predicted for a simple thermal relic 
 

Many simple dark matter models can account for the observed emission 

without conflicting with constraints from direct detection experiments or 

colliders – future prospects are encouraging   
 

Future observations (dwarfs, cosmic-ray antiprotons, etc.) will be important 

to confirm a dark matter origin of this signal 
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The Utility of Cutting by CTBCORE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

Without additional CTBCORE Cuts 

Top 50% of Events by CTBCORE 



How Big Is This Excess?





What kind of WIMP could produce 

this signal? 



A simple approach: 

For a given a tree-level process for dark matter 

annihilation (specifying the spins and 

interactions), and fixing the couplings to obtain 

the desired relic abundance, we ask: 
 

1) Can we get a gamma-ray signal that is  

compatible the observed excess?  

2) Is the related diagram compatible with direct 

detection constraints? 

3) Is the model compatible with constraints     

from colliders (including the LHC)? 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

What kind of WIMP could produce 

this signal? 

Berlin, DH, McDermott,1404.0022  

(see also Alves et al. 1403.5027; Izaguirre et al. 1404.2018)    

 



For example, consider fermionic dark matter, annihilating through the 

exchange of a spin-0 or spin-1 mediator: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

What kind of WIMP could produce 

this signal? 

Berlin, DH, McDermott,1404.0022 



For example, consider fermionic dark matter, annihilating through the 

exchange of a spin-0 or spin-1 mediator: 

 

 

 

 

 

 

-Models with velocity suppressed annihilation cross sections cannot 

account for the gamma-ray excess 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

What kind of WIMP could produce 

this signal? 

Berlin, DH, McDermott,1404.0022 



For example, consider fermionic dark matter, annihilating through the 

exchange of a spin-0 or spin-1 mediator: 

 

 

 

 

 

 

-Models with velocity suppressed annihilation cross sections cannot 

account for the gamma-ray excess 

-Models with unsuppressed vector or scalar interactions with nuclei are 

ruled out by direct detection constraints 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

What kind of WIMP could produce 

this signal? 

Berlin, DH, McDermott,1404.0022 



Shown another way (for a couple of examples): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

What kind of WIMP could produce 

this signal? 

Berlin, DH, McDermott,1404.0022 



In general, we find: 
 

It is not difficult to write down dark matter models with a ~30 GeV 

thermal relic that can produce the gamma-ray signal in question 

(satisfied for a wide range of s-wave interactions) 
 

Direct detection constraints rule out models with unsuppressed 

scalar or vector interactions with quarks 
 

Somewhat contrary to conventional wisdom, the LHC does not yet 

exclude many of these models (although the 14 TeV reach is 

expected to be much more expansive) 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

What kind of WIMP could produce 

this signal? 



Galaxy Clusters 
 

Galaxy clusters are also promising targets for indirect 

dark matter searches, competitive with dwarfs galaxies 
 

Two groups have reported a gamma-ray excess from 

the Virgo cluster, at the level of ~2-3σ 
 

 

The results of these analyses depend critically on the 

treatment of point sources and diffuse cosmic ray 

induced emission, making it difficult to know                                         

how seriously one should take this result 
 

If the excess from Virgo arises from dark              

matter annihilation, it also suggests a             

similar mass and cross section that that        

implied by the Galactic Center excess          

(up to uncertainties in the boost factor) 
 

Again, more data should help to clarify 

 
 

 

 

 
 

 

 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 

 

 

 

 
 

 

 

 

 

 

 
 
 

 

 

Han, et al., arXiv:1207.6749; Macias-Ramirez, Gordon, Brown and Adams, arXiv:1207.6257 
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Prospects for Direct Detection  



Prospects for Direct Detection  

t-channel models are within the reach of both LUX and LHC14 
 



Prospects for Direct Detection  

t-channel models are within the reach of both LUX and LHC14 
 

 

Models with purely axial interactions will be tested by XENON1T 



Point 2: It Is Easy To Account For This 

Signal With Annihilating Dark Matter  

 

 

 

The cross section required to normalize the observed excess is 

remarkably well-matched to the range of values predicted for a simple 

(s-wave dominated) thermal relic   
 

Direct detection constraints rule out some models (those with 

unsuppressed scalar or vector interactions with quarks), but many 

remain viable                  
 

Somewhat contrary to conventional          

wisdom, the LHC does not yet              

exclude many of these models 

 
 

 
 

 

 

Berlin, DH, McDermott,1404.0022 



Mediator Constraints  

 
The LHC (and other colliders) can also place direct constraints on the 

production of particles that might mediate the dark matter’s interactions 

 

1) Spin-1 mediators with the required             

couplings are all but ruled out by Z’                 

searches if their mass is greater than               

~1 TeV (lighter and less coupled              

mediators are more easily hidden)  

 

2) Constraints on MSSM-like Higgs                       

Bosons can be applied to other spin-0             

mediators, ruling out a range of masses                       

and couplings  

 

3) Searches for sbottom pair production            

rule out t-channel mediators lighter than                

~600 GeV 
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